The CRISPR/Cas9 system has greatly improved our ability to engineer targeted mutations in eukaryotic genomes. While CRISPR/Cas9 appears to work universally, the efficiency of targeted mutagenesis and the adverse generation of off-target mutations vary greatly between different organisms. In this study, we report that Arabidopsis plants subjected to heat stress at 37°C show much higher frequencies of CRISPRinduced mutations compared to plants grown continuously at the standard temperature (22°C). Using quantitative assays relying on green fluorescent protein (GFP) reporter genes, we found that targeted mutagenesis by CRISPR/Cas9 in Arabidopsis is increased by approximately 5-fold in somatic tissues and up to 100-fold in the germline upon heat treatment. This effect of temperature on the mutation rate is not limited to Arabidopsis, as we observed a similar increase in targeted mutations by CRISPR/Cas9 in Citrus plants exposed to heat stress at 37°C. In vitro assays demonstrate that Cas9 from Streptococcus pyogenes (SpCas9) is more active in creating double-stranded DNA breaks at 37°C than at 22°C, thus indicating a potential contributing mechanism for the in vivo effect of temperature on CRISPR/Cas9. This study reveals the importance of temperature in modulating SpCas9 activity in eukaryotes, and provides a simple method to increase on-target mutagenesis in plants using CRISPR/Cas9.
INTRODUCTION
CRISPR/Cas9 has become the leading tool in eukaryotes for targeted mutagenesis and precise engineering through homologous recombination-based repair of doublestranded DNA (dsDNA) breaks (Jinek et al., 2012; Cong et al., 2013) . Genome editing using CRISPR/Cas9 has been shown to be possible in all biological systems, from bacteria to complex eukaryotes like animals and plants. However, variation in the efficiency of on-target and off-target mutagenesis between different organisms has been observed, which could be due to differences in genome structure (e.g. genome size, GC content) (Bortesi et al., 2016) . Much work remains to be done to optimize the bacterial-derived CRISPR/Cas9 system for use in eukaryotes, which is required to maximize our ability to efficiently engineer different genomes.
In the model plant Arabidopsis thaliana, most of the work aiming to increase the rate of mutagenesis induced by CRISPR/Cas9 activity has focused on using different promoters to drive Cas9 expression (reviewed in Mao et al. (2017) ). Using different constitutive, tissue-specific or germline-specific promoters to express Cas9 has been shown to increase the frequency of mutations in first-generation transgenic plants and the heritability of mutations in subsequent generations (Feng et al., 2013 (Feng et al., , 2014 Jiang et al., 2013; Li et al., 2013; Mao et al., 2013 Mao et al., , 2016 Fauser et al., 2014; Gao et al., 2015; Hyun et al., 2015; Wang et al., 2015; Yan et al., 2015; Tsutsui and Higashiyama, 2017) . Another way to maximize Cas9 activity has been to use plant codon-optimized versions of Cas9 (Bortesi and Fischer, 2015) . Both promoter activity and codon-optimized Cas9 increase targeted mutagenesis through the same mechanism, which is by increasing the levels of Cas9 proteins in plants.
Aside from genome structure differences, another variable between different biological systems that could affect CRISPR/Cas9 activity is growth temperature. Many different biological parameters/processes are affected by temperature, and some of these (e.g. enzyme kinetics, chromatin structure, DNA repair pathways; Daniel et al., 2001; Oei et al., 2015; Pecinka et al., 2010) could directly affect the ability of CRISPR/Cas9 to induce mutations in eukaryotic genomes. Therefore, it is possible that temperature could contribute to the observed variation in efficiency of CRISPR/Cas9 in different organisms, and that modulating growth temperature could significantly increase targeted mutagenesis.
In this study, we show that exposing Arabidopsis or Citrus plants to repeated heat stress treatments has a major effect on the rate of mutagenesis by CRISPR/Cas9. Our work points to the Cas9 protein from Streptococcus pyogenes (SpCas9) as being less active at the normal temperatures used to grow plants. These results provide a new method to all researchers seeking to rapidly improve CRISPR/Cas9 efficiency in their experiments.
RESULTS
To assess the effect of temperature on targeted mutagenesis by CRISPR/Cas9, we first used Arabidopsis thaliana as a model system, as Arabidopsis is usually grown at 22°C but can sustain growth at much higher temperatures (Mittler et al., 2012) . A previously described CRISPR/Cas9 system that consists of SpCas9 expressed under the Arabidopsis YAO promoter (pYAO::SpCas9) was used for this study (Yan et al., 2015) . We also established an in vivo quantitative assay using a GFP reporter gene and flow cytometry to rapidly assess the rate of targeted mutagenesis at the cellular level in different tissues. In this assay, GFP is tagged to the C-terminus of a histone H3.3 protein (HTR5) and expressed throughout the plant under the HTR5 promoter (pHTR5::HTR5-GFP). We created T1 plants expressing pYAO::SpCas9 and a sgRNA targeting HTR5 in a homozygous background containing the pHTR5::HTR5-GFP reporter gene. Therefore, the loss of GFP expression in these plant nuclei requires independent mutagenic events at two pHTR5::HTR5-GFP loci, and potentially more in endoreduplicated cells, depending on the developmental timing of mutagenesis (Galbraith et al., 1991) .
First-generation transgenic (T1) Arabidopsis plants expressing pYAO::SpCas9, the sgRNA targeting HTR5 and pHTR5::HTR5-GFP were either continuously grown at 22°C or exposed to four heat stress treatments at 37°C for 30 h until plants transitioned to reproductive growth (Figure 1(a) ). Restricting exposure to heat stress at 37°C during the vegetative phase of growth prevents floral bud abortion later in development (Warner and Erwin, 2005) . Plants were allowed to recover for 42 h at 22°C between heat stress treatments since continuous growth at 37°C was lethal in our growth conditions, while plants exposed repeatedly to short heat stress (SHS) treatments of 30 h displayed only a mild hyponastic leaf phenotype ( Figure S1 ). As a control for the effect of SHS treatments on GFP expression/stability, we also exposed plants expressing pHTR5::HTR5-GFP (but no SpCas9-sgRNA) to heat stress, and did not observe any effect on GFP fluorescence (Figure 1(b) ). We found that the percentage of GFP-positive leaf nuclei was much lower in SHS plants (average of 12% for T1 plants) than in plants continuously grown at 22°C (average of 89% for T1 plants) (Figure 1(b) ). We confirmed by sequencing that loss of GFP fluorescence is indicative of mutations at the HTR5-GFP transgene, and observed that a single nucleotide insertion at the predicted cleavage site is the most common type of allele recovered in plants grown at 22°C or exposed to heat stress (Figure 1 (c) and Figure S2 ). We repeated this experiment using nuclei derived from flowers instead of leaves, and observed a similar enhancement of targeted mutagenesis in plants exposed to multiple SHS (Figure 1(d) ). All the plants used in these assays were from the same T1 population homozygous for pHTR5::HTR5-GFP, which negates the possibility that differences in copy numbers of Cas9 or the reporter gene between stressed and unstressed plants account for the results obtained. Taken together, our results show that temperature is a critical parameter regulating targeted mutagenesis by CRISPR/Cas9 in somatic tissues of Arabidopsis.
Next, we tested if SHS could also increase the efficiency of targeted mutagenesis in the Arabidopsis germline, which is essential for transmitting mutated alleles to the next generation. We used a similar quantitative assay as the one previously described, with the exception that GFP was tagged to MALE-GAMETE-SPECIFIC HISTONE H3 (MGH3) (Figure 2(a) ), a histone H3 variant highly expressed in the sperm cells of mature tri-cellular pollen grains of Arabidopsis (Okada et al., 2005; Ingouff et al., 2007) . Fluorescence microscopy was used to detect pollen grains with edited sperm cells lacking a functional MGH3-GFP allele (Figure 2(b) ). We tested three sgRNAs targeting different regions of the pMGH3::MGH3-GFP transgene for these experiments: MGH3-1 (5 0 -end sgRNA), MGH3-2 (middle sgRNA) and GFP-3 (3 0 -end sgRNA) (Figure 2 (a)), and also included a sgRNA targeting BRASSINOSTEROID INSENSI-TIVE 1 (BRI1) as a negative control. Our results show that T1 plants subjected to repeated SHS produced on average a much higher level (up to 100-fold difference) of edited pollen grains than T1 plants continuously grown at 22°C (Figure 2(c) ). All three sgRNAs targeting the pMGH3:: MGH3-GFP transgene show increased activity by exposure to heat stress at 37°C, with the 5 0 -end sgRNA (MGH3-1) having the largest effect on the efficiency of targeted mutagenesis in the male germline.
To confirm that mutated alleles were transmitted to the next generation, we collected tissue from T2 plants lacking the pYAO::SpCas9 transgene, extracted genomic DNA and sequenced polymerase chain reaction (PCR) products amplified from targeted loci. We analyzed T2 plants that had lost the pYAO::SpCas9 transgene by random segregation (SpCas9-negative plants) to ensure that any mutation identified in these plants had been passed down from the male or female germline of the T1 parent plant. For each locus targeted by a specific sgRNA, we analyzed between 10 and 20 T2 plants from selected T1 parents exposed to heat stress. We also performed this analysis on the progeny of T1 plants continuously grown at 22°C, selecting plants with the highest level of GFP-negative pollen grains (ranging from 2 to 11%). The sgRNAs used in this study (with the exception of the GFP-3 sgRNA) have two exact matches in the Arabidopsis genome, as both HTR5 and MGH3 have transgenic (GFP tagged) and endogenous sequences in the plant backgrounds that were used. Therefore, we were able to obtain sequencing data from T2 plants for seven different loci (two for the MGH3-1, MGH3-2 and HTR5-1 sgRNAs, and one for the GFP-3 sgRNA). As shown in Figure 2 (d), the percentage of T2 siblings with at least one mutated allele was much higher if its T1 parent had been exposed to repeated SHS, regardless of the sgRNA used or loci targeted by the SpCas9-sgRNA complex. To further characterize the mutation rate increase conferred by repeated SHS treatments, we cloned and sequenced the different PCR products (endogenous loci only) from mutated T2 plants to identify if the plants were heterozygous, biallelic, or homozygous mutants, or were wild type. Most of the T1 plants exposed to SHS produced a large number of T2 plants that were either homozygous or biallelic mutants (Figure 2(e) ). These results demonstrate that exposing Arabidopsis to 37°C increases transmission of CRISPR-induced mutant alleles from the germline, and that a high proportion of biallelic/homozygous T2 mutants can be recovered by exposing T1 parents to SHS. Multiple studies have shown that CRISPR/Cas9 can generate double-stranded DNA breaks at off-target sites (loci where the sgRNA does not match perfectly with the target sequence) in eukaryotic genomes (Wu et al., 2014) . In plants, other studies on CRISPR/Cas9 have demonstrated that the frequency of off-target mutagenesis is either very low or undetectable (Nekrasov et al., 2013; Shan et al., 2013; Upadhyay et al., 2013; Jia and Wang, 2014; Zhang et al., 2014; Zhou et al., 2014) , including in Arabidopsis Feng et al., 2014; Peterson et al., 2016) . In light of our previous results showing that targeted mutagenesis is increased in plants exposed to 37°C, we tested if SHS treatments also affect off-target mutagenesis in Arabidopsis. To do this, we expressed modified pMGH3::MGH3-GFP transgenes in plants that include one or two substitutions at the site targeted by the MGH3-1 sgRNA (Figure 3(a) ). The substitutions were made at positions 10 and 11 of the target site (20 nt), which fall within the 12-nt seed region (adjacent to the PAM) important for target specificity of CRISPR/Cas9 (Wu et al., 2014) . We assessed the mutation rate of CRISPR/Cas9 on these two modified targets and the unmodified one as a reference, and compared the effect of SHS treatments on mutagenesis at these sites. For this experiment, we analyzed T1 plants by PCR-amplifying and sequencing the GFP reporter gene using genomic DNA extracted from a rosette leave. This method allowed us to rapidly assess the number of T1 plants (expressing the MGH3-1 sgRNA and Cas9) with detectable levels of CRISPR/Cas9-induced mutations in leaf tissue. Our results show that off-target mutagenesis is not detectable at either of the modified transgenes when Arabidopsis is grown at 22°C (Figure 3(b) ), thus confirming previous published reports (Galbraith et al., 1991; Pecinka et al., 2010; Mittler et al., 2012) . When plants were subjected to SHS treatments, off-target mutagenesis was detected on the transgene with one substitution. However, two substitutions at the locus was sufficient to prevent off-target mutagenesis, indicating that designing sgRNAs that maximize the number of mismatches with potential off-targets is important when performing CRISPR in plants subjected to conditions that increase the mutation rate. Overall, our results demonstrate that repeated SHS treatments increase both on-target and off-target mutagenesis, but undesirable mutations can be minimized by choosing appropriate sgRNAs.
MGH3-GFP MGH3
One possible mechanism that could explain the increase in CRISPR-induced mutations when plants are exposed to 37°C is that Cas9 is less active at lower temperatures. The Cas9 homologue most commonly used in CRISPR/Cas9 studies is from S. pyogenes, a bacterium that has an optimal growth temperature of 40°C (Panos and Cohen, 1964) . Therefore, the differences in mutation rates may reflect reduced activity of SpCas9 at 22°C as compared with its activity at 37°C which is closer to its natural environment. To test the activity of SpCas9 at different temperatures, we performed in vitro Cas9 cleavage assays using a linear DNA template containing a single 20-nt target site for the MGH3-1 sgRNA (Figure 4(a) ). We reconstituted SpCas9-sgRNA MGH3-1 complexes in vitro, added the DNA template and stopped the reactions after 1 and 5 min for samples incubated at 22°C or 37°C (Figure 4(b) ). Our results show that SpCas9 is indeed less active at 22°C than at 37°C, as shown by the 23% decrease in cleaved products after 1 min in reactions incubated at the lower temperature (Figure 4(c) ). The amount of cleaved products at 5 min is similar for reactions at 22°C or 37°C, which likely indicates that the maximum reaction yield (approximately 70%) under our conditions has been attained. We also tested if expression levels of SpCas9 and the sgRNA are affected when Arabidopsis plants are exposed to heat stress at 37°C. Our results indicate that levels of SpCas9 are not increased by heat stress, but sgRNA levels are approximately three-fold higher in plants exposed to 37°C. (Figure 4(d) ). As levels of endogenous YAO mRNAs were found not to change in response to heat stress, this strongly suggests that the YAO promoter is not more active at 37°C. If levels of sgRNAs in plants at 22°C are limiting for CRISPR/Cas9 activity, then the in vivo increase of sgRNA upon heat stress could contribute to higher mutation frequencies. Taken together, these findings support our in vivo results showing higher mutagenesis rates by CRISPR/Cas9 in plants exposed to heat stress and suggests that multiple mechanisms are contributing to this effect. These results also suggest that all organisms that can sustain being exposed to 37°C could achieve higher levels of CRISPRinduced mutagenesis when Cas9 from S. pyogenes is used.
To demonstrate that the effect of temperature on targeted mutagenesis by CRISPR/Cas9 is not specific to Arabidopsis, we regenerated genetically identical Citrus plants expressing the pYAO::SpCas9 transgene and a sgRNA targeting the Citrus phytoene desaturase (CsPDS) gene. Loss-of-function mutations or silencing the PDS gene inhibits the production of carotenoids, which results in a white-colored (albino) phenotype in many plant species, including different Citrus species (Aguero et al., 2014) . Regenerated Citrus plants were divided into two groups: plants continuously grown at 24°C and plants exposed to several heat stress treatments (24 h at 37°C, 24 h at 24°C; repeated seven times). Most Citrus plants subjected to heat stress showed a striking phenotype, as all new (i.e. young) aerial tissues produced after exposure to 37°C were almost completely white (albino phenotype) while older tissues remained mostly green (mosaic phenotype) (Figure 5(a) ). The phenotypic difference between young and older leaf tissues likely reflects the activity of the YAO promoter, which predominantly drives gene expression in plant tissues with active cell division (Li et al., 2010) . As the rate of cell division is much lower in more mature plant tissues, SpCas9 expression is likely too low to induce mutations at the CsPDS gene. In contrast to plants subjected to heat stress, all Citrus plants continuously grown at 24°C did not display any enhancement of the albino phenotype in young tissues (Figure 5(a) ). Molecular analysis of the CsPDS alleles in albino tissues recovered after the heat stress treatments showed that all alleles had CRISPR/Cas9-induced mutations ( Figure 5(b) ). In contrast, approximately half of the CsPDS alleles were wild type in mosaic leaf tissues (young and old) of plants continuously grown at 24°C, and in older leaf tissue of plants exposed to heat stress. Taken together, our results indicate that exposure to 37°C increases targeted mutagenesis by CRISPR/Cas9 in both Arabidopsis and Citrus.
DISCUSSION
Our work indicates that temperature is a critical determinant regulating the efficiency of targeted mutagenesis by CRISPR/Cas9. The initial report on the use of the YAO promoter driving SpCas9 expression showed that somatic mutations in Arabidopsis were drastically increased compared to plants expressing Cas9 under the constitutive promoter 35S, but the frequency of mutated alleles transmitted through the germline was relatively low (6.7%) (Yan et al., 2015) . Using a quantitative system based on GFP reporter genes that allow us to precisely and rapidly measure the rate of mutagenesis at the cellular level, we have demonstrated that the YAO::SpCas9 system can be further improved by exposing plants to heat stress at 37°C. As our findings point to temperature directly affecting Cas9 activity, this suggests that all CRISPR/Cas9 systems can be more efficient regardless of the promoter used to regulate Cas9 expression. In agreement with this, a study was recently published showing that temperature also modulates SpCas9 activity in human cell lines (Xiang et al., 2017) , thus demonstrating the applicability of these findings to many organisms and confirming our results. These studies should therefore greatly help all researchers performing CRISPR/Cas9 in organisms that do not typically grow at 37°C. Plant research should particularly benefit from this observation, as many plants are typically grown between 20 and 24°C, but have evolved mechanisms to cope with significant increases in growth temperature (Mittler et al., 2012; Yeh et al., 2012; Liu et al., 2015) . Our findings indicate that exposure to 37°C increases both cleavage activity of SpCas9 and in vivo levels of sgRNA. Optimizing temperature to enhance SpCas9 activity can provide a complementary and additive effect to choosing better promoters for driving SpCas9 and sgRNA expression, a process that has been shown to also substantially increase targeted mutagenesis in somatic tissues and/or the germline in Arabidopsis (Hyun et al., 2015; Wang et al., 2015; Yan et al., 2015; Mao et al., 2016; Tsutsui and Higashiyama, 2017) . Reproductive development in Arabidopsis is impaired by heat stress at 37°C (Warner and Erwin, 2005) . Therefore, it is important to limit the period of exposure to higher temperatures to the vegetative phase of development for the successful transmission of mutant alleles to the next generation. Because of this limitation, it will become important to identify new Cas9 orthologs that have higher activity at lower temperatures compared to the Cas9 protein from S. pyogenes that is typically used in most studies. Some work has shown that orthologues of Cas9 from Staphylococcus aureus and Streptococcus thermophilus are at least as efficient in Arabidopsis as SpCas9 (Steinert et al., 2015) , but the optimal growth temperature for these bacteria is also much higher than the temperature at which plants usually grow (Beal et al., 1989; Schmitt et al., 1990) . Therefore, it is likely that the activity of these two Cas9 orthologues will also not be optimal for use in plants. More Cas9 orthologues will have to be screened to identify proteins with peak activity around 20-24°C, or alternatively, new Cas9 variants could be engineered to function better at lower temperatures as was previously described (Richter et al., 2016) . Even though finding Cas9 variants with optimal activity at 20-24°C would be useful, our work shows that there can be advantages to working at temperatures that lower the activity of SpCas9. For example, off-target mutations mediated by CRISPR/Cas9 can be lowered using temperature, and this finding will be important in the future when SpCas9 is used in clinical settings or for crop improvement (Pineda et al., 2017) .
From a mechanistic standpoint, it will also be interesting to assess if temperature affects other biological pathways that could contribute to a higher mutation rate by CRISPR/ Cas9. For example, SHS treatments at 37°C in Arabidopsis have been shown to lead to loss of nucleosomes (Pecinka et al., 2010; Tittel-Elmer et al., 2010) , a process that could make DNA more accessible to Cas9-sgRNA complexes. It is also possible that DNA repair pathways are impacted by temperature. In human cell lines, mild hyperthermia inhibits homologous recombination and pushes DNA repairs (b) Molecular analyses of CsPDS alleles in Citrus plants exposed to heat stress. Tissues formed before heat stress treatment (old) and after heat stress treatment (young) were used. In plants continuously grown at 24°C, young and old tissues were chosen to reflect the developmental stages of the corresponding tissues in heat-stressed plants. HS = Heat stress.
toward the more error-prone non-homologous end-joining pathway (Krawczyk et al., 2011; Bergs et al., 2013) . Future work will be required to fully comprehend the role of temperature on CRISPR/Cas9 activity.
EXPERIMENTAL PROCEDURES Plant materials
All Arabidopsis plants were derived from the Columbia ecotype and grown under cool-white fluorescent lights (approximately 100 lmol m À2 s À1 ) in long-day conditions (16 h light/8 h dark). The same homozygous lines (also same generation) expressing either pHTR5::HTR5-GFP or pMGH3::MGH3-GFP (or its point mutant derivatives) were used to generate all the transgenic plants used in this study. Transgenic (Cas9+) plants were selected on MS plates containing 1% sucrose, carbenicillin (200 lg ml
À1
) and kanamycin (100 lg ml
). The plants that were subjected to heat stress were treated as follows: after plate selection and 4 days of acclimation to soil, the seedlings were placed in a 37°C growth chamber for 30 h. The plants were then allowed to recover at 22°C for 42 h (3-day period). This heat stress cycle was repeated three more times, for a total of four cycles during the vegetative phase of growth. The plants were then grown continuously at 22°C from that point on. All other Arabidopsis plants used in this study were grown continuously at 22°C. The Citrus rootstock cultivar Carrizo Citrange (Citrus sinensis 'Washington' sweet orange 9 Poncirus trifoliata, accession number PI 150916) was used in this study.
Plasmid constructs
The binary vector expressing hSpCas9 under the Arabidopsis YAO promoter and the cloning procedures used to make the CRISPR constructs reported here have been described previously (Yan et al., 2015) . The primers used to insert the different sgRNAs into the AtU6-26-sgRNA-SK vector are listed in Table S1 , in addition to other primers used in this study.
The plasmid used to express the pMGH3::MGH3-GFP reporter gene in plants was made by amplifying the promoter of MGH3 (À1096 nt upstream of the start codon) and gene (excluding the stop codon) into pENTR/D (ThermoFisher Scientific, Waltham, MA, USA). The pMGH3::MGH3 sequence was then transferred into the binary vector pMDC107 using Gateway Technology to acquire a 3 0 -end GFP sequence (Curtis and Grossniklaus, 2003) . Site-directed mutagenesis of pMGH3::MGH3 in pENTR/D using QuickChange II XL (Agilent Technologies, Santa Clara, CA, USA) was performed to create plasmids with one or two mutations in the MGH3-1 sgRNA target site. Construction of the pHTR5::HTR5-GFP reporter gene was described previously (Ingouff et al., 2010) .
Citrus transformation, regeneration and heat stress treatments
We previously generated Citrus transgenic plants with CRISPR/ Cas9 constructs targeting the PDS gene . Transgenic Citrus plants showing a mild pds mutant phenotype (i.e. most parts of the leaves are green) due to inefficient editing were chosen for testing the effect of heat stress on the efficiency of mutagenesis. For each independent transgenic line, near identical plant colonies were obtained from cultivation of stem segments (one axillary bud on each segment) from the same plant on a plant regeneration medium (MS with 30 g L À1 sucrose, 1 mg L À1 BAP, 0.1 mg L À1 NAA) for 3 weeks. Plant colonies were rooted using rooting medium (MS with 30 g L À1 sucrose, 2 mg L À1 IBA, 0.5 mg L À1 NAA, 2 g L À1 charcoal). Rooted plant colonies were then transferred to soil and divided into two groups: one group of plants subjected to heat stress treatments (seven cycles of 48 h; 37°C for 24 h, 24°C for 24 h) and then moved to 24°C after the final cycle, while the other group of plants were grown continuously at 24°C. Morphological and molecular phenotypes were documented 1 week after the last heat stress cycle.
Flow cytometry
Mature leaves were chopped with a razor blade in 1 ml of Galbraith buffer (45 mM MgCl 2 , 20 mM MOPS, 30 mM sodium citrate, 0.1% Triton X-100) containing 40 lg ll À1 RNase A. The resulting lysate was filtered through a 30 lm mesh (Sysmex Partec, Gorlitz, Germany) and 20 lg of propidium iodide (Sigma, St. Louis, MO, USA) was added to each sample. Flow cytometry profiles were generated with a BD FACS Aria III (Becton Dickinson, Franklin Lakes, NJ, United States), using a 70 lm nozzle. Analysis was done with FACSDiva version 6.1.3 (Becton Dickinson).
Fluorescence microscopy
To prepare pollen for fluorescence microscopy analysis, 10 to 15 flowers were picked from each T1 plant and added to a 1.5 ml tube. Galbraith buffer (500 ll) was added to each tube and vortexed for three min. The resulting lysate containing the pollen was filtered through a 30 lm mesh (Sysmex Partec), followed by centrifugation for 3 min at 21 130g. The resulting pollen pellets were resuspended with 5 ll of Galbraith buffer and spread onto a coverslip. After 15 min of drying time, cold methanol was added onto the coverslips for 3 min. The methanol was removed and TSB-Tx (20 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Triton-X100) was added for 5 min. The coverslips were mounted onto slides with Vectashield mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA). For each T1 plant, 100 pollen grains were assessed for the presence or absence of GFP-MGH3 using a Nikon Eclipse Ni-E microscope equipped with a Nikon LWD 9 20 objective.
DNA extraction, PCR and sequencing analyses
Genomic DNA was extracted from Arabidopsis plants by grinding one leaf into 500 ll of Extraction Buffer (200 mM of Tris-HCl pH8.0, 250 mM NaCl, 25 mM ethylenediaminetetraacetic acid (EDTA) and 1% SDS). Phenol/chloroform (50 ll) was added and tubes were vortexed, followed by centrifugation for 10 min at 3220g. The supernatant was transferred to a new tube and 70 ll of isopropanol was added, followed by centrifugation for 10 min at 3200g. The supernatant was removed and the DNA pellets were resuspended in 100 ll of water. The protocol used to extract genomic DNA from Citrus has been described previously .
PCR was performed to identify Cas9-negative T2 Arabidopsis plants using primers amplifying the SpCas9 gene. Approximately 90 T2 plants for each guide RNA and each condition (stressed T1 parent versus non-stressed T1 parent) were screened by PCR for the absence of SpCas9. The genomic DNA from the Cas9-negative T2 plants was then used to amplify MGH3-GFP, HTR5-GFP and the endogenous MGH3 and HTR5 genes. The resulting PCR products were sequenced and analyzed using Sequencher 5.4.6 (Gene Codes Corporation, Ann Arbor, MI, United States) to identify CRISPRinduced mutations. For genotype determination, the endogenous MGH3 and HTR5 PCR products were cloned into TOPO TA cloning vectors (Invitrogen, Carlsbad, CA, United States). Five to 10 individual clones corresponding to each T2 plant were sequenced. For sequencing of SpCas9-sgRNA HTR5 T1 plants, the HTR5-GFP gene was amplified and cloned into TOPO TA cloning vectors (Invitrogen). In total, 22 to 24 clones were sequenced for each plant. For Citrus, genomic DNA was used to amplify the CsPDS gene from different plants and tissues, and PCR products were cloned into TA cloning vectors (Invitrogen). Then, 10 to 15 individual clones were sequenced for each PCR reaction. All PCR and sequencing primers used are shown in Table S1 .
RNA extraction, reverse transcription and real-time PCR RNA was extracted from leaf tissue with TRIzol (Invitrogen). SuperScript II Reverse Transcriptase (Invitrogen) was used to produce cDNA. Reverse transcription was initiated using random hexamers (Applied Biosystems, Foster City, CA, United States). Quantification of cDNA was done by real-time PCR using a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with KAPA SYBR FAST qPCR Master Mix (29) Kit (Kapa Biosystems, Wilmington, MA, USA). Relative quantities were determined by using a comparative C t method as follows: Relative quantity = 2(À((C t GOI unknown À C t normalizer unknown) À (C t GOI calibrator À C t normalizer calibrator))), where GOI is the gene of interest. Actin was used as the normalizer. Three biological samples were used for each experiment. The P-value was determined by Student's t-test (unpaired).
In vitro SpCas9 cleavage assays
Reaction volumes of 60 ll were prepared by mixing Cas9 Nuclease Reaction Buffer (NEB, Ipswich, MA, USA, final concentration 19), S. pyogenes Cas9 (NEB, final conc. 60 nM), a synthetic MGH3-1 sgRNA (Synthego, Redwood City, CA, USA, final concentration 60 nM), and following pre-incubation at 22°C for 10 min., a 1061 bp PCR product (final concentration 6 nM) containing a single site recognized by the MGH3-1 sgRNA. After the pre-incubation step at 22°C, reactions were allowed to proceed at 22 or 37°C, and reaction time points were assessed after two incubation periods (1 and 5 min) by removing 25 ll from the reactions and mixing it with loading buffer containing EDTA (final concentration 25 mM) to quench the reactions. Cleavage of the PCR product was assessed by migrating samples on a 1.5% agarose gel. Final quantification was performed using ImageJ. The P-value was determined by Student's t-test (unpaired) on the results of five independent experiments.
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